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Abstract 8 

Although it has long been recognised that passive salt diapirism may encompass sub-ordinate 9 

cycles of active diapirism, where sedimentary overburden is periodically shed off the roof of 10 

the rising salt, there has been very little study of this process around exposed salt (halite) 11 

diapirs. However, the Late Miocene-Pliocene Sedom salt wall, on the western side of the 12 

Dead Sea Basin, presents an opportunity for detailed outcrop analysis of diapiric salt and the 13 

associated depositional and deformational record of its movement during both passive and 14 

active phases of diapirism. The sub-seismic scale record of diapirism includes sedimentary 15 

breccia horizons interpreted to reflect sediments being shed off the crest of the growing salt 16 

wall, together with exceptional preservation of rotated unconformities and growth faults. 17 

Areas of more pronounced dips directed towards the salt wall are capped by unconformities, 18 

and interpreted to represent withdrawal basins within the overburden that extend for at least 19 

1500 m from the salt margin. Elsewhere, broad areas of upturn directed away from the salt 20 

extend for up to 1250 m and are marked by a sequence of rotated unconformities which are 21 

interpreted to bound halokinetic sequences. The margins of the salt wall are defined by steep 22 

extensional boundary faults that cut upturned strata, and have enabled rapid and active uplift 23 

of the salt since the Holocene. The Sedom salt wall therefore charts the transition from 24 

passive growth marked by withdrawal basins, growth faults and unconformities, to more 25 

active intrusion associated with major boundary faults that enable the rapid uplift of 26 

overburden deposited on top of the salt to ~100 m above regional elevations in the past 43 ka. 27 

Individual cycles of passive and active diapirism occur over timescales of < 30 ka, which is 28 

up to an order of magnitude less than typically suggested for other settings, and highlights the 29 

dynamic interplay between salt tectonics and sedimentation in an environment undergoing 30 

rapid fluctuations in water level. 31 

Keywords: salt, diapirism, salt wall, unconformities, halokinetic sequences, Dead Sea 32 

33 

1. Introduction34 

It has long been recognised that the sedimentary overburden which surrounds salt35 

structures provides a detailed record for the nature and timing of adjacent salt flow and 36 

diapirism (e.g. Trusheim, 1960). However, owing to the extreme aridity required to preserve 37 

halite at the earth’s surface, the study of salt tectonics suffers from a “scarcity and poor 38 

quality of field exposures” (Ringenbach et al., 2013). In recent decades, much of the research 39 

effort on salt tectonics has therefore focussed on physical modelling (e.g. Hudec and Jackson, 40 

2011; Dooley et al., 2015), numerical modelling (e.g. Fuchs et al., 2014, 2015) and numerous 41 

studies involving the interpretation of seismic sections through salt-influenced basins (e.g. 42 

Archer et al., 2012; Jackson et al., 2014, 2015). However, the often steep attitude of bedding 43 

adjacent to salt structures, coupled with complications associated with stratigraphic facies 44 

changes, and increased faulting and fluid flow concentrated along salt margins, can hinder 45 
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seismic analysis (see Davison et al., 2000a, b). Direct observations on salt and the adjacent 46 

overburden have been largely restricted to a few areas such as the Zagros Mountains (e.g. 47 

Talbot, 1979, 1998; Aftabi et al., 2010) which are complicated by ongoing orogenesis, or 48 

underground mine workings that, owing to their economic drivers, are focussed on the salt 49 

itself rather than the surrounding overburden (e.g. Schofield et al., 2014; Burliga, 2014). 50 

Although modelling, seismic interpretation and mine studies each generate important 51 

information regarding salt tectonics, they suffer from a collective weakness to deliver 52 

detailed (sub-seismic scale) structural and sedimentary observations from overburden 53 

surrounding the salt. Our scientific motivation is therefore to provide a detailed analysis of 54 

the evolution of a diapiric salt wall based on direct observations of outcrops of halite and 55 

adjacent sediments. The outcrop study of halite-rich structures is important because salt 56 

diapirs dominated by, or containing other evaporitic minerals such as gypsum may display 57 

different seismic attributes (e.g. Vargas-Meleza et al. 2015) and/or structural architectures. 58 

This point has recently been emphasised by Butler et al. (2015) who note that “shallowly 59 

buried gypsum need not form a weak layer within sedimentary successions, which may be 60 

important when considering mobilization of evaporite successions soon after their 61 

deposition”. 62 

 Diapiric salt that cross cuts the adjacent sedimentary overburden may either form 63 

broadly cylindrical bodies termed salt stocks where the cross sectional ratio is <2, or linear 64 

salt walls defined as where the ratio is >2 (Hudec and Jackson, 2011, p.31). Active salt 65 

diapirism may simply be defined as “diapir rise by arching, uplifting, or shouldering aside it’s 66 

roof” (Hudec and Jackson, 2011, p269). Halokinetic active diapirism is driven by overburden 67 

load, causing diapiric salt to be pressurised and exert an upward force on its roof. If this 68 

buoyancy force is greater than the strength of the roof, then the roof is pushed up as the diapir 69 

actively rises (Hudec and Jackson, 2011, p269) (Fig. 1a). Active diapirs are typically marked 70 

by: i) stratigraphic units being lifted above their regional elevations on the diapiric crest, ii) 71 

normal faulting and grabens forming in sediments over the diapiric crest, iii) large boundary 72 

faults permitting the relative rise of salt along the diapiric flanks, and iv) a lack of significant 73 

facies change in surrounding sediments (e.g. Nelson, 1991; Schultz-Ela et al., 1993; Rowan, 74 

1995, p.204) (Fig. 1a). 75 

Passive salt diapirism is defined as “syndepositional growth of a diapir whose 76 

exposed crest rises as sediments accumulate around it” (Hudec and Jackson, 2011, p.275). In 77 

passive diapirism, the diapir crest can be occasionally buried, but the diapir repeatedly breaks 78 

through the thin temporary roof strata. The base of the salt continues to subside with the basin 79 

as it fills with sediment, while the crest of the diapir keeps pace with sedimentation in a 80 

‘downbuilding’ process (e.g. Vendeville and Jackson, 1991; Hudec and Jackson, 2011 p.275) 81 

(Fig. 1b). Passive diapirs are typically associated with: i) pronounced areas of bedding 82 

upturn, ii) sedimentary facies changes, and iii) unconformities and breccia horizons within 83 

overburden around the flanks of the diapir (Fig. 1b). There is therefore a distinct stratigraphic 84 

and sedimentological record of salt movement during passive diapirism. Criteria for 85 

recognising passive and active diapirs have been previously summarised by Jackson et al. 86 

(1994), Rowan (1995) and Davison et al. (2000a, b). 87 

Bedding upturn and folding noted above is attributed to the shearing of rocks and 88 

sediments around the diapir as the salt rises and/or the sediments sink, and may be generated 89 
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via the passive rise or active piercement of salt (Bornhauser, 1969; Alsop et al., 2000; 90 

Davison et al., 2000a, b; Rowan et al., 2003). Drape folding is specifically created where 91 

sediments are deposited directly over the flanks of a growing salt diapir, and are subsequently 92 

rotated into steeper attitudes as the sediments sink around the salt during passive diapirism 93 

(Schultz-Ela, 2003; Rowan et al., 2003; Giles and Rowan, 2012) (Fig. 1b). Drape folding is 94 

therefore a near surface process that occurs by “rotation of beds in and below the bathymetric 95 

scarp” marking the passive diapir (Rowan et al., 2003, p.753). Rowan et al. (2003, p.753) 96 

note however, that “passive diapirism actually entails cycles of small-scale active diapirism 97 

as the salt periodically inflates and lifts a thin cover during times of slow sedimentation” (see 98 

also Hearon et al., 2014, p.58; Salazar et al., 2014). Davison et al. (1996a, p.8) suggest that 99 

this cover will typically be <50 m in thickness. Given that cycles of both passive and active 100 

diapirism may therefore occur, the question becomes one of determining the relative 101 

components of each, and the contribution that each makes to the deposition and deformation 102 

of sediments during the growth of an individual diapir. 103 

There are very few outcrop-based studies of the structural and sedimentological 104 

effects of salt diapirs, where halite is actually exposed at the earth’s surface. The classic work 105 

of Rowan et al. (2003) and Giles and Rowan (2012) on La Popa in Mexico is in an area that 106 

has suffered subsequent contraction and lacks halite exposures. The preliminary work of Li et 107 

al. (2014) in a newly recognised salt tectonic province in NW China records a very thin (<50 108 

m wide) salt wall where halite is exposed at the surface, but which is overprinted by a 109 

regional fold and thrust belt. The recent studies of halokinetic sequences in the Sivas Basin in 110 

Turkey (Ringenbach et al., 2013; Callot et al., 2014), together with the work of Poprawski et 111 

al. (2014) in northern Spain are marked by evaporites being dominated by gypsum (rather 112 

than halite) and also suffer from salt-related structures being overprinted by later regional 113 

contraction. Despite this welcome surge in recent publications focusing on outcrop studies of 114 

salt tectonics, there still remains a lack of detailed work on exposures of halite-dominated 115 

diapirs that have not suffered overprinting by contraction and orogenesis. 116 

As discussed by Alsop et al. (2015) the Sedom salt wall on the western margin of the 117 

exceptionally arid Dead Sea Basin (Fig. 2a, b) receives <50 mm precipitation per year and 118 

has the advantage over many areas in that a) halite and surrounding clastic overburden are 119 

well preserved at outcrop; b) there are a range of mixed evaporites that enable a greater 120 

understanding of internal diapiric processes; c) the Late Miocene-Pliocene salt is relatively 121 

young and still rising, thereby allowing a greater appreciation of factors controlling its 122 

growth, d) the linear salt wall geometry has the potential to preserve geometries at different 123 

stages of development along its length; e) there is a large existing data base comprising 124 

detailed maps (e.g. Zak, 1967; Agnon et al., 2006), isotopic dating (e.g. Torfstein et al., 2009; 125 

Matmon et al., 2014), mechanical analysis (e.g. Hatzor and Heyman, 1997), and InSAR (e.g. 126 

Weinberger et al. 2006a, b).  127 

In this case study we use the Sedom salt wall to raise a number of research questions 128 

relating to the geometry and extent of deformation in overburden adjacent to diapirs that have 129 

undergone both passive growth and active piercement including: 130 

a) What is the geometry and extent of bedding upturn adjacent to a salt margin? 131 

b) What is the geometry and extent of unconformities adjacent to a salt margin? 132 

c) At what depth does upturned bedding develop adjacent to a salt margin? 133 
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d) Is deformation concentrated along unconformites adjacent to a salt margin? 134 

e) How is diapiric uplift achieved without widespread deformation adjacent to a salt margin? 135 

f) What are the rates and durations of diapiric cycles recorded adjacent to a salt margin? 136 

Thus, our field-based approach aims to provide a better understanding of the detailed 137 

stratigraphic and structural relationships within and around salt diapirs that would normally 138 

be lost as they are below the limits of seismic resolution. This ultimately allows us to more 139 

rigorously test salt tectonic models with obvious implications for hydrocarbon exploration.  140 

 141 

2. Overview of the Sedom Salt Wall and associated basin evolution 142 

2.1. Sedom salt wall - passive versus active diapirism 143 

The Sedom salt wall is a ~10 km long N-S trending ridge that rises ~240 m above the level of 144 

the Dead Sea (Figs. 2a, b, 3a, b). Contrary to many studies of salt diapirs noted above, the 145 

Sedom salt wall has not suffered later contractional deformation as it is located in a releasing 146 

bend of the left-lateral NNE-SSW trending Dead Sea Fault (e.g. Garfunkel, 1981; Smit et al., 147 

2008) (Fig. 2b). In general, the releasing bends of strike-slip fault systems form ideal 148 

locations for the development of salt diapirs as overburden is weakened by extensional 149 

faulting and fracturing (e.g. Fossen, 2010, p.389). In detail, the Sedom salt wall is commonly 150 

divided into northern and southern segments, each of which is ~4 km long and ~1.5-2 km 151 

wide at surface (Fig. 3a, b). These two segments are separated from one another by a 2 km 152 

long central ‘pinched’ section where the margins of the wall converge and its width reduces 153 

to just ~800 m. The western margin of the Sedom wall dips moderately to steeply towards the 154 

west, while the eastern flank also dips variably towards the west and is overturned (see Alsop 155 

et al., 2015). The northern limit of the Sedom salt wall is marked by moderate dips towards 156 

the north, where the ‘nose’ of the salt wall plunges below the surrounding overburden (Fig. 157 

3a, b). Seismic profiles across the salt wall suggest that it is located adjacent to the underlying 158 

Sedom Fault, a major ~ N-S trending extensional fault that may have focussed the upward 159 

flow of salt from depths of 3-4 km (Gardosh et al., 1997; Weinberger et al., 2006a) (Fig. 2b). 160 

Throughout much of its history, the Sedom salt wall has undergone passive diapirism 161 

driven by positive buoyancy linked to the thick accumulation of > 5500 m of Plio-Pleistocene 162 

overburden sediments directly to the east in the southern Dead Sea Basin (Al-Zoubi and ten 163 

Brink, 2001; Weinberger et al., 2006a; Alsop et al., 2015). However, it has also been noted 164 

that the Sedom salt wall has previously undergone periods of “forceful intrusion” and 165 

“active-style diapirism” during its growth (e.g. Weinberger et al., 2006a, p.39, 47). This 166 

diapiric growth has led to sediment being periodically shed off the crest of the rising salt 167 

wall, resulting in sedimentary breccias marking local, rotated unconformities immediately to 168 

the west and east of the Sedom salt wall (Weinberger et al., 2006; Alsop et al., 2015). The 169 

Sedom salt wall is presently undergoing a phase of active diapirism as demonstrated by a 170 

broad range of criteria: 171 

a) The thin sedimentary roof overlying the Sedom salt wall comprises the Lisan Formation 172 

(Table 1) which has been dated as 43 ka and has been uplifted by ~100 m above its 173 

regional elevation. The top of this unit has been dated as 15.5 ka and has risen 75 m 174 

above its regional elevation, indicating average uplift rates of 5 mm/year (see 175 

Weinberger et al. 2006a). 176 
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b) A fossilised dissolution surface termed the ‘salt mirror’ (e.g. Farkash et al. 1951; Zak and 177 

Freund, 1980) was created when Dead Sea water levels dropped at 14-11 ka (Weinberger 178 

et al., 2006a). This originally flat surface has been subsequently uplifted by 80 m across 179 

faults bounding the eastern salt margin, providing an average uplift rate of between 5.5-180 

11 mm/year (Weinberger et al., 2006a; Zucker, 2014). 181 

c) Karstic weathering of the Sedom salt wall results in caves and subterranean passages, 182 

which were left hanging ‘high and dry’ 46 m above the current channel as the salt rose 183 

by up to 6-7 mm/year during the last 8 ka. (Frumkin, 1996a, b, c). 184 

d) Active uplift of the Sedom salt wall results in a topographic ridge that blocks modern 185 

drainage patterns, deflecting incised wadis to both the north and south of the salt wall, 186 

and preventing run-off directly towards the basin. 187 

e) InSAR analysis reveals current uplift rates in the order of 5.5-8 mm/year over large areas 188 

along the crest of the Sedom salt wall (Weinberger et al. 2006b). 189 

f) Major boundary faults are developed along the flanks of the salt wall (e.g. Zak, 1967; 190 

Weinberger et al. 2006a) and permit the rapid rise of salt noted above. 191 

g) Extensional faults define grabens in sediments preserved above the crest of the salt wall 192 

(e.g. Zak, 1967). 193 

All of these observations indicate that the Sedom salt wall is currently undergoing a 194 

phase of active diapirism, within a longer record of generally passive growth. As such, it 195 

presents an ideal opportunity to undertake an outcrop study of halite and surrounding clastic 196 

sediments that record the repeated transitions from passive to active diapirism in a non-197 

contractional setting. Such opportunities are exceptionally rare, and enable us to directly 198 

compare our observations with models that focus more on the ‘downbuilding’ phase of 199 

passive diapirism (e.g. Rowan et al., 2003; Giles and Rowan, 2012). 200 

 201 

2.2. Basin evolution and stratigraphy 202 

The Sedom salt wall is formed of the Sedom Formation predominantly comprising 203 

evaporites (75%) including halite, anhydrite and thin dolomites, interbedded with thinner 204 

clastic beds formed of siltstone, mudstone, clay and sandstones (Zak, 1967; Frumkin, 2009). 205 

The Sedom Formation is subdivided into five members, and incorporates the Bnot Lot Shales 206 

Member dated at 6.2 and 5.0 ± 0.5 Ma (Matmon et al., 2014; Zak, 1967) (Table 1). 207 

This Late Miocene-Pliocene evaporite sequence penetrates the surrounding 208 

Pleistocene Amora and Lisan formations that form the overburden to the salt wall, via 209 

marginal faults and shear zones (Zak and Freund, 1980, Fig. 3b). The Amora Formation is 210 

subdivided into three members (Agnon et al., 2006, Table 1). The Lower Amora Member 211 

comprises 200 m of shales, sandstones and conglomerates and forms the lowest stratigraphic 212 

level exposed at outcrop dated at 740 ± 66 ka (U series ages from Torfstein et al., 2009). This 213 

is overlain by the Amora Salt Member which is a 10 m thick halite interval estimated via U-214 

Th at 420 ± 10 ka (Torfstein et al., 2009). Finally, the 195 m thick Upper Amora Member 215 

comprising shales, sandstones and conglomerates sits stratigraphically above the salt 216 

member, and has been attributed a range of ages between 340 – 80 ka (Torfstein et al., 2009) 217 

at the PZ 2 borehole site (immediately west of Mount Sedom). 218 

Although only 400-450 m of Amora Formation are actually exposed next to the 219 

Sedom salt wall, the overall Plio-Pleistocene sequence attains thicknesses of 5500 m in the 220 



14/01/2016                 Alsop et al.         Passive versus active diapirism         6 
 

 

southern Dead Sea Basin (Al-Zoubi and ten Brink, 2001; Weinberger et al., 2006a). 221 

Immediately to the SE of Sedom, the Sedom Deep-1 drill hole penetrated a 3700 m thick 222 

fluvio-lacustrine series which overlies a 900 m thick evaporite series (Figs. 2b, 3b). To the 223 

west of Mount Sedom, the Ami’az East-1 drill hole penetrated a 1300 m thick evaporite 224 

series overlain by a 1900 m thick clastic series (Weinberger et al., 2006a) (Figs. 2b, 3b). The 225 

base of the Lower Amora Member within the Ami’az East-1 borehole has been recently dated 226 

as 3.3±0.9 Ma, while approximately 500 m stratigraphically higher, the Lower Amora 227 

sediments are dated as 2.7±0.7 Ma (Matmon et al., 2014). Overall, the Sedom Formation. 228 

thickens towards the depocentre and thins towards the western margin of the basin (e.g. Zak, 229 

1967) (Figs. 2b, 3b). Salt flowing into the Sedom salt wall is considered to have been largely 230 

sourced from the east due to differential overburden loading, with only a minor component of 231 

salt derived from the west (Weinberger et al., 2006a). It is this component of flow that creates 232 

the structures and stratigraphy that we describe from the western flank of the Sedom salt wall. 233 

The crest of the Sedom salt wall is covered by a 40 m thick insoluble caprock, which 234 

consists mainly of anhydrite, gypsum, as well as minor marl, clay, dolomite and sandstone 235 

fragments. The caprock is considered to have formed during dissolution of the various salt 236 

members (Zak and Freund, 1980) during Upper Amora times (340-80 ka). The Pleistocene 237 

Lisan Formation overlies the Amora Formation and caprock, and consists of up to 40 m of 238 

aragonite-rich and detrital-rich laminae forming a varved lacustrine sequence, dated between 239 

~70 ka and 14 ka by U-series and 
14

C (Haase-Schramm et al., 2004, Table 1). 240 

We now concentrate on the stratigraphic and structural evolution of the western flank 241 

of the Sedom salt wall. Although the Lower Amora Member has been proved by drilling at 242 

the Amiaz borehole (Fig. 2b), actual outcrops of overburden on the western flank of the salt 243 

wall are restricted to the Upper Amora Member and the overlying Lisan Formation which are 244 

now the focus of our attention. 245 

 246 

3. Sedimentary and stratigraphic record of salt wall growth 247 

3.1. Local angular unconformities associated with upturn of bedding towards the salt wall 248 

It has long been recognised that sediments deposited against the flank of a rising salt diapir 249 

may be sequentially upturned and eroded to create local unconformities (e.g. Johnson and 250 

Bredeson, 1971; Alsop et al., 2000; Rowan et al., 2003; Hudec and Jackson, 2011, p. 78; 251 

Giles and Rowan, 2012) (Fig. 1b). The fold of sediment that is created over the diapiric flank 252 

may become over steepened and eventually undergo gravitational failure, resulting in an 253 

unconformity marking the erosional truncation of the upturned flap. Spectacular angular 254 

unconformities are indeed developed within and between the west-dipping Upper Amora 255 

Member and the overlying Lisan Formation exposed to the west of the Sedom salt wall (Fig. 256 

4a-f). Following Alsop et al. (2000), we broadly divide areas of upturned bedding and 257 

associated unconformities around salt diapirs into ‘outer’ and ‘inner’ profiles based on the 258 

amount of upturn and deformation. 259 

 260 

3.1.1. Unconformities - outer profile 261 

At distances of 763 m from the diapiric contact, three distinct unconformities are exposed 262 

within the overburden (Figs. 4a-d, 5a, b, Table 2). Bedding in the Upper Amora Member dips 263 

at 24°W and is separated from overlying beds (mean 021/13W) by an angular unconformity 264 
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dated at 167 ka (Bartov et al., 2002; Waldmann, 2002; Waldmann et al., 2007) (Fig. 4a, c, d, 265 

e, Table 2). The Upper Amora Member is truncated by an angular unconformity marking the 266 

base of the Lisan Formation dipping 040/7W and dated at 70 ka (Waldmann et al., 2007) 267 

(Fig. 4a, 5a, b). Finally, an unconformity dated at 30 ka (Bartov et al., 2002; Waldmann et al. 268 

2007) also occurs within the Lisan Formation, with the upper sequence dipping 031/4W 269 

(Figs. 4a, 5a, b, Table 2). In addition, a marker bed within the Upper Amora Member has 270 

been dated by Waldmann et al (2007) to 116 ka (Fig. 4c), while a distinctive ‘triple gypsum’ 271 

horizon within the Lisan Formation has been dated at 55 ka and acts as a useful stratigraphic 272 

guide around the flanks of the Sedom salt wall (Bartov et al., 2002; Waldmann et al., 2007; 273 

2009). 274 

 275 

3.1.2. Unconformities - inner profile 276 

At 215 m from the diapir, the Upper Amora Member dips 152/29W, while the unconformably 277 

overlying Lisan Formation is oriented at 112/22S, generating an angular unconformity of 18° 278 

at the base of the Lisan Formation dated at 70 ka (Fig. 5c, d). At 70 m from the diapir, the 279 

Upper Amora Member is 020/60W, while the unconformably overlying Lisan Formation is 280 

oriented at 000/5W, generating an angular unconformity of ~50° at the base of the Lisan 281 

Formation (Fig. 5e, f). At 10 m the angular discordance has increased to 70°. The Upper 282 

Amora Member ultimately becomes steeply dipping on the NW flank of the salt wall, with 283 

the Lisan Formation displaying relatively gentle onlapping relationships directly onto the 284 

older unit (Figs. 4a, 5g). 285 

 286 

3.2. Local angular unconformities associated with downturn of bedding towards the salt wall 287 

The undisturbed Upper Amora Member and overlying Lisan Formation typically display very 288 

gentle (~1°) regional dips directed towards the east and the present depocentre of the Dead 289 

Sea Basin (e.g. Alsop and Marco, 2012a, b, 2013, 2014). However, at the extreme NW and 290 

SW margins of the Sedom salt wall, the Upper Amora Member and Lisan Formations locally 291 

display increased dips (up to 10°) directed towards the east. 292 

At distances of 1500 m from the SW end of the Sedom salt wall, bedding within the 293 

Upper Amora Member dips gently towards the Sedom salt wall, and is unconformably 294 

overlain by sub-horizontal bedded Lisan Formation (Fig. 6a). At distances of 800 m from the 295 

salt, bedding within the Upper Amora Member dips at 16° toward the diapir, and is overlain 296 

via a marked angular unconformity by the sub-horizontal Lisan Formation (Fig. 6b, c). Steep 297 

SW-dipping growth faults within the Upper Amora Member are truncated by the erosive 298 

unconformity (Fig. 6d, e). At 70 m from the SW flank of the diapir, a series of rotated 299 

unconformities are observed within the Lisan Formation (Fig. 6f). Each unconformity 300 

appears to have been rotated down towards the diapir, before being unconformably capped by 301 

more gently dipping younger sequences. 302 

 303 

3.3. Local conglomerates and breccias 304 

Breccia horizons are sporadically developed within the Upper Amora Member along the 305 

western margin of the Sedom salt wall (Fig. 7a, b, c), and are similar to those described by 306 

Alsop et al. (2015) along the eastern flank of the diapir. Breccia clasts may reach 30 cm in 307 

length, are typically angular and comprise shales and sandstones (Fig. 7a). The friable and 308 
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angular nature of clasts suggests that they would not survive transportation over significant 309 

distances, and are most likely sourced from sediments being shed off the growing salt wall 310 

(see Alsop et al., 2015).  311 

Conglomerates are also locally preserved along the contact between the Upper Amora 312 

Member and overlying Lisan Formation about 70 m from the diapiric margin (Fig. 7d). 313 

Wedge-shaped fissures are sporadically developed along this contact, and locally contain 314 

rounded pebbles within them (Fig. 7d, e). This suggests possible emergence of the 315 

unconformity surface and neptunian infill of the open fissures. Conglomerates are also 316 

developed along the actual unconformity surface between Upper Amora Member and 317 

overlying Lisan Formation (Fig. 7f). Rounded cobbles comprising carbonates and sandstones 318 

up to 10 cm in diameter are draped by overlying laminae of the Lisan Formation (Fig. 7g, h). 319 

 320 

3.4. Local syn-sedimentary faults 321 

The Lisan Formation typically comprises an annual varve-like sequence of lacustrine 322 

sediments. However, adjacent to the western flank of the Sedom salt wall, syn-sedimentary 323 

extensional faults are developed that generate metre scale thickening within the hangingwall 324 

sequences reflecting growth geometries (Fig. 8 a, b, c). Growth faults are observed in very 325 

gently west dipping beds of the Lisan Formation at 215 m and 300 m west of the exposed 326 

contact with salt wall. Growth faults typically dip moderately or steeply towards the NE and 327 

the diapir contact, and also cut through the unconformity with the underlying Upper Amora 328 

Member (Fig. 8a, b). The simplest interpretation is that growth faulting and associated 329 

subsidence relate to salt withdrawal to feed the growing salt wall (see discussion 5.1.).  330 

 331 

4. Structural record of salt wall growth 332 

4.1. Rotation and upturn of beds towards salt margin  333 

A progressive and sequential upturn of bedding within the Upper Amora Member and Lisan 334 

Formation is developed towards the western margin of the Sedom salt wall (Figs. 3, 9a, b, c). 335 

Bedding typically dips variably towards the WSW or WNW in both the Upper Amora 336 

Member and Lisan Formation, although is typically steeper in the Upper Amora Member 337 

(Fig. 9a). Regional sub horizontal dips are observed in the Upper Amora Member and 338 

overlying Lisan Formation at ~1500 m from the diapiric margin (Figs. 3, 9b). Westerly-339 

directed dips within the Upper Amora Member start to gradually increase at ~1300 m from 340 

the salt, and this is considered to mark the edge of the salt influence at this particular 341 

stratigraphic level (Fig. 9b). At 763 m, the westerly-directed dips have increased to 13°, and 342 

continue to increase towards the diapiric margin, although the most pronounced upturn 343 

occurs within 250 m of the salt (Fig. 9b). The inner-most 100 m of overburden adjacent to the 344 

salt is marked by an almost exponential increase in bedding dips, where they have rotated 345 

into sub-parallelism with the moderate to steeply dipping diapiric margin (Fig. 9b, c). In 346 

summary, the structural record of salt movement is limited to within 1200 m (and typically 347 

<500 m) of the diapiric margin. 348 

 349 

4.2. Major extensional faults within evaporites of the salt wall 350 

The western margin of the Sedom salt wall is marked by major N-S trending outward dipping 351 

normal faults (Zak, 1967; Figs. 3b, 9d, e). These steep faults cut the Lisan Formation, 352 
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together with the underlying salt and its caprock (Fig. 9f, g), and consistently step up towards 353 

the salt wall reflecting the upward movement of the diapir (Zak, 1967; Zak and Freund, 1980) 354 

(Fig. 9f, g). The Lisan Formation preserved above the salt wall is also cut by N-S trending 355 

extensional faults that locally form grabens, with the Lisan Formation forming gentle 356 

synclines within the graben that are possibly caused by salt dissolution and collapse.  357 

 358 

4.3. Shearing within overburden sediments 359 

On the SW flank of the Sedom salt wall, extensional shears and faults are developed in the 360 

Upper Amora Member within 100m of the contact with the salt wall (Fig. 9h). These are 361 

typically NW-SE trending and dip steeply towards the SW. They deform moderately west-362 

dipping upturned bedding, with an overall extensional top-down-to-the SW sense of 363 

displacement (i.e. bottom up towards the NE). These shears are orientated parallel to the 364 

steep flank of the salt wall, and are interpreted to reflect the upward movement of salt.  365 

 366 

5. Discussion 367 

5.1. What is the geometry and extent of bedding upturn adjacent to a salt margin? 368 

Areas of upturned bedding adjacent to the flanks of salt diapirs and walls have previously 369 

been termed ‘drag zones’ (e.g. Alsop et al., 2000), ‘drag folds’ or ‘flap folds’ (e.g. Schultz-370 

Ela, 2003) or ‘drape folds’ (e.g. Giles and Rowan, 2012) (Fig. 1b). They have been studied at 371 

outcrop (e.g. Alsop et al., 2000; Rowan et al., 2003; Giles and Rowan, 2012; Hearon et al., 372 

2015a, b), and in seismic sections (e.g. Alsop et al., 1995, Davison et al., 2000a, b, Hearon et 373 

al., 2014). In addition, they have been physically modelled (e.g. Alsop, 1996) and 374 

numerically simulated (e.g. Schultz-Ela, 2003). 375 

 376 

5.1.1. Geometry of bedding upturn 377 

Recognizing that dry sand was too strong to simulate folding and upturn in weak sediments, 378 

Alsop (1996) ran experiments using polymer (representing salt) and low-friction glass beads 379 

to simulate passive downbuilding of relatively weak overburden around a salt stock. The 380 

amount of overburden upturn systematically diminished up the diapiric flanks, as the rate of 381 

diapiric growth progressively reduced. The observation that some layers become too long to 382 

be restored by simple back-rotation to the horizontal (e.g. Alsop 1996, fig. 12a) suggests that 383 

stretching and attenuation of these layers had accompanied rotation towards steeper attitudes. 384 

Models also display a component of onlap, where younger beds were deposited directly onto 385 

older upturned beds, rather than against the diapiric flank itself (Alsop 1996, p.237). 386 

The numerical modelling of Schultz-Ela (2003, p.761) suggests that salt rising 387 

through an overburden of normal strength develops a narrow (100 m wide) zone of upturn 388 

that extends to depths of just 200 m below the surface (Schultz-Ela, 2003, p.761). In addition, 389 

this work also suggests that upturn of bedding can only occur where sediments have been 390 

deposited above the salt and subsequently rotated during its continued rise (Schultz-Ela, 391 

2003). Hudec and Jackson (2011, p.73) noted that “beds adjacent to salt are only upturned if 392 

they are originally above the diapir”. The observation in this study that growth faults in the 393 

Lisan Formation (see section 3.4) were later tilted to the west as the salt wall continued to 394 

grow, suggests that portions of the withdrawal basin were subsequently upturned by ongoing 395 

salt rise. The implication is that upturn may not be restricted to sediments deposited directly 396 
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above the diapir, but could also develop at distances of up to 300 m from the flanks of the salt 397 

wall. 398 

In the drape fold model of Rowan et al. (2003) and Giles and Rowan (2012), thinner 399 

beds are deposited over the bathymetric expression of the underlying salt. Beds are therefore 400 

typically inclined and ‘draped’ away from the crest of the salt structure during their 401 

deposition (Figs. 1b, 10a). As subsidence continues around the salt, then bedding dips are 402 

enhanced to create drape folds. The amount of overburden upturn in general exponentially 403 

increases towards the salt, suggesting an overall power-law relationship associated with 404 

deformation of weak overburden (e.g. Alsop et al., 1995, p.9; Alsop et al., 2015, p. 101). 405 

Analysis of overburden around the Sedom salt wall shows that the older Upper Amora 406 

Member beds have undergone more upturn compared to the overlying Lisan Formation (Figs. 407 

3, 5g, 9 b, c, 10a, b). This is interpreted to reflect greater onlap of the older beds over the 408 

diapiric crest, whereas younger beds did not extend as far onto the salt diapir and where 409 

therefore rotated less (e.g. Schultz –Ela, 2003; Hudec & Jackson, 2011, p.73). 410 

 411 

5.1.2. Extent of bedding upturn 412 

The recorded widths of upturned bedding around outcrop examples of diapirs vary between 413 

500 m in Nova Scotia (Alsop et al., 2000; Vargas-Meleza et al., 2015) and in the Pyrenees of 414 

Spain (Poprawski et al., 2014), up to 700 m wide in La Popa, Mexico (Rowan et al., 2003), 415 

and up to 800 m wide in the Flinders Ranges of South Australia (Kernen et al., 2012; Hearon 416 

et al., 2015b). It is interesting to note that all of these examples have suffered later regional 417 

contraction that may have subsequently affected the geometry of bedding upturn to varying 418 

degrees. Seismic analysis of widths of upturn around salt diapirs provides estimates of 1-1.5 419 

km around several North Sea examples, subsequently affected by contraction (Davison et al., 420 

2000b), and up to 680 m around the Auger diapir in the Gulf of Mexico (Hearon et al., 2014). 421 

The observed extent of bedding upturn on the NW margin of the Sedom salt wall is up to 422 

1250 m from the exposed salt contact (Fig. 9b), and is therefore wider than typically observed 423 

in many diapirs. The greater than normal extent of bedding upturn along the Sedom salt wall 424 

may reflect a number of additional factors as discussed below. 425 

 426 

5.1.3. Shape of the salt diapir 427 

Numerical modelling studies by Schultz-Ela (2003, p.765) suggest that in comparison 428 

to cylindrical salt stocks, linear salt walls produce a) wider areas of upturn adjacent to the salt 429 

margin, and b) greater subsidence of the overburden adjacent to the salt margin, for 430 

equivalent conditions. This difference results from the 3-D radial flow of salt to feed a 431 

cylindrical diapir, thereby spreading the area within the source layer from which salt is 432 

evacuated, whereas salt walls are fed by a greater component of 2-D (non-radial) salt flow. 433 

This concentration of salt flow ultimately results in greater overburden deformation being 434 

observed in cross sections across linear salt walls such as exposed at the Sedom diapir. 435 

 436 

5.1.4. Nature of the overburden. 437 

If the overburden is heterogeneous and contains weak layers, such as salt with 438 

negligible yield strength, then a significant increase in overburden deformation and folding 439 

occurs (e.g. Schultz-Ela, 2003). Notably, the presence of the ~10 m thick Amora Salt 440 
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Member, combined with other salt beds within both the Lower and Upper Amora Members 441 

(Zak, 1967; Table 1), could further reduce the strength of the overburden thereby facilitating 442 

greater upturn and deformation adjacent to the Sedom salt wall.  443 

 444 

5.1.5. Increased fluid pressure. 445 

Increasing the overpressure within the overburden encourages and facilitates drape 446 

folding (e.g. Schultz-Ela, 2003, p.774). The observation that bedding-parallel gypsum veins 447 

are developed in the overburden around the salt wall (Alsop et al., 2015) suggests that high 448 

fluid pressures were indeed locally attained that would further encourage folding. 449 

 450 

5.2. What is the geometry and extent of unconformities adjacent to a salt margin? 451 

It has been recognised since the work of Trusheim (1960) that sedimentary sequences around 452 

salt diapirs can provide a detailed record of salt movement. This has ultimately led to the 453 

concept of halokinetic sequences (Rowan et al., 2003; Giles and Rowan, 2012; Hearon et al., 454 

2014) whereby stratigraphic sequences bound by local unconformities may be linked to 455 

adjacent salt movement (Fig. 1b). Unconformities associated with withdrawal basins are 456 

marked by beds below unconformities dipping more steeply towards the salt than those 457 

above. Conversely, those unconformities linked to upturn of beds adjacent to salt are marked 458 

by beds below the unconformity dipping more steeply away from the salt than those above 459 

(Fig. 1b). The sense of stratigraphic ‘footwall cut-off’ along the unconformity surface thereby 460 

allows patterns of relative salt movement to be determined (Fig. 10b). 461 

 462 

5.2.1. Unconformities – linked to bed downturn and withdrawal basins  463 

Increased diapir-directed dips may relate to salt evacuation to feed the growing Sedom salt 464 

wall, leading to subsidence of surrounding sediments and development of ‘withdrawal 465 

basins’. Physical modelling (Alsop, 1996) has shown that the maximum radii of withdrawal 466 

basins is up to 3-4 x larger than the diameter of diapir. In addition, numerical modelling has 467 

demonstrated that the location of maximum overburden subsidence associated with the 468 

depocentre of syn-diapiric sedimentation sequentially migrates away from the salt wall as it 469 

grows (Schultz-Ela, 2003, p.767).  470 

In the Upper Amora Member, the width of downturn and withdrawal basin is greatest 471 

in the SW (1500 m) (Fig. 3). In this area, the Upper Amora Member and Lisan Formation 472 

locally dip gently (12°) towards the East (Figs. 3, 6). Some extensional faults operated post 473 

tilting of the Upper Amora Member as they cut the tilted unconformity and display Lisan 474 

growth geometries (Fig. 8a). The pronounced withdrawal basin within the Upper Amora 475 

Member at the SW end of Sedom suggests that the salt wall was fed axially (northwards) 476 

along its length (parallel to trend of underlying Sedom Fault), as well as from the deeper 477 

basin in the east. The position of this withdrawal basin also suggests that the salt wall has not 478 

significantly propagated along strike since deposition of the Upper Amora Member. 479 

InSAR sections and longitudinal profiles from the northern end of the Sedom salt wall 480 

display actual subsidence (profiles a, b in Weinberger et al., 2006a). These regions of 481 

ongoing subsidence are adjacent to the northern part of the salt wall that is currently 482 

undergoing the greatest uplift, and could reflect a modern withdrawal basin with salt 483 

evacuating into the growing salt wall. Deflection of drainage by the rising salt wall results in 484 
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this withdrawal basin being filled by recent alluvial sediments that pond in the depression 485 

(Fig. 3b). 486 

 487 

5.2.2. Unconformities - linked to bed upturn and drape folds 488 

Giles and Rowan (2012) compare the relative rates of diapir rise and sediment 489 

accumulation, and note that these rates control unconformity-bound wedge or hook shaped 490 

profiles through halokinetic sequences (HS), created as sediment is shed off the growing salt 491 

structure. These halokinetic sequences, each of which “form packages tens of metres in 492 

thickness” may be combined to create overall tapered (wedge) and tabular (hook) composite 493 

halokinetic sequences (CHS) (Giles and Rowan, 2012, p.8) (Fig. 1b). Where sedimentation 494 

rates and downbuilding are greater than diapir rise, they tend to generate broader (up to 1000 495 

m wide) tapered wedge HS (e.g. Hearon et al., 2014), (Figs. 1b). Alternatively, where diapir 496 

rise is relatively rapid, then narrower (up to 200 m wide) hook shaped sequences tend to 497 

develop (Figs. 1b).  498 

Our data clearly demonstrate that the width of upturn is much greater in the Upper 499 

Amora Member when compared to the overlying Lisan Formation (see Fig. 9b). The Upper 500 

Amora Member starts to show increased dips at distances of ~1300m from the salt wall 501 

(section 4.1.), and therefore resembles a wedge HS. Conversely, upturn and unconformities 502 

within the Lisan Formation initiate at 763m from the salt, but are largely restricted to within 503 

250m of the salt (section 4.1., Fig. 9b). They therefore correspond most closely with hook 504 

HS. The overall greater width of upturn and halokinetic sequences adjacent to the Sedom salt 505 

wall when compared to other diapirs is considered to reflect the linear geometry of the salt 506 

wall (as described in section 5.1.3). 507 

The angular discordance across a bounding unconformity surface (whether hook or 508 

wedge) varies with distance from the salt contact, (see Giles and Rowan 2012), together with 509 

the amount of salt flow and corresponding time ‘locked up’ across the unconformity surface. 510 

Giles and Rowan (2012) note that wedge HS unconformites have angular discordance of < 511 

30°, while unconformities associated with hook HS display angular obliquities of < 90°. The 512 

Upper Amora Member does indeed generally display an angular discordance of < 30° with 513 

the overlying Lisan Formation. This angle only increases to > 30° immediately adjacent (<40 514 

m) to the salt wall where bedding becomes more steeply dipping, and the Lisan Formation 515 

onlaps directly on to the upturned Upper Amora Member. We interpret the unconformity 516 

between the Upper Amora Member and the overlying Lisan Formation to separate different 517 

wedge and hook HS. It therefore represents a composite halokinetic sequence boundary, 518 

which Giles and Rowan (2012, their fig 14b) show as having higher angle discordances, and 519 

who also note that lower wedges can indeed “exhibit high angle truncation beneath the 520 

composite halokinetic sequence boundary” (Giles and Rowan, 2012; p.9). In summary, 521 

generally low-angle and broad unconformity surfaces within the Upper Amora Member 522 

match a wedge HS, while the narrower unconformities within the Lisan Formation represent 523 

hook HS (Fig. 10a, 10b). These unconformities show less angular discordance (e.g. section 524 

3.1.1) simply because, as this study demonstrates, each unconformity is separated by much 525 

shorter periods of time (~ 40 ka or less). 526 

Giles and Rowan (2012, p. 22) note that the switch from underlying tapered CHS into 527 

overlying tabular CHS, is marked by a pronounced ‘jump’ in the location of fold hinge zones 528 
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associated with upturn. These are developed much closer to the salt margin in the overlying 529 

tabular CHS. This is clearly observed when comparing upturn in the Upper Amora Member 530 

wedge HS that initiates at distances of up to 1250 m in the NW of the Sedom salt wall, with 531 

that in the overlying Lisan Formation hook HS that typically occurs at distances of < 100 m 532 

(Fig. 9b). It should be noted that these models of halokinetic sequences were originally 533 

developed for passive diapirs (Giles and Rowan, 2012), and do not take into account that 534 

rapid salt rise may be associated with active diapirism. However, Rowan et al. (2003) do 535 

recognise that overall passive diapirism actually entails cycles of subordinate active 536 

diapirism, where the sedimentary overburden covering the diapiric crest is periodically lifted 537 

and shed from the roof of the rising salt (e.g. Hearon et al., 2014; 2015a, b). 538 

Following the general methodology of Waldmann (2002) and Poprawski et al. (2014), 539 

the minimum amount of net salt rise may be estimated by measuring angles of obliquity (or 540 

the ‘taper angle’ of Hearon et al., 2014) across dated unconformities (Table 2). Tilting of 541 

horizontal beds is assumed to be achieved by the upward movement of salt relative to the 542 

overburden. Using this method, Waldmann (2002) measured angles of tilting at distances of 2 543 

km from the Sedom salt wall and suggested a decrease in the rate of uplift of the salt wall 544 

during deposition of the Lisan Formation. Our own estimates are based on angles of tilting at 545 

763 m from the salt and indicate an increase in the rate of salt uplift from 1.37 mm / year 546 

during deposition of the Upper Amora Member (167 – 70 ka) to 2.33 mm / year during 547 

deposition of the overlying Lisan Formation (Table 2). We suggest that these differences 548 

arise as Waldmann’s (2002) estimates were based on angles of tilting at distances of 2 km 549 

from the salt wall (rather than 763 m), and as such become increasingly inaccurate due to 550 

extrapolation over longer distances. In addition, this technique provides only a crude 551 

minimum estimate of salt rise as it takes no account of a) salt dissolution or sediment 552 

compaction; b) increased amounts of tilting near the salt contact; c) discrete faulting in the 553 

overburden; d) potential modification of cut-off angles by subsequent flexural slip across 554 

unconformities (e.g. Hearon et al., 2014). However, given these not insignificant constraints, 555 

our estimates do suggest that the rate of salt rise significantly increased at about 70 ka during 556 

deposition of the Lisan Formation (Table 2).  557 

 558 

5.3. At what depth does upturned bedding develop adjacent to a salt margin? 559 

There has been a long standing debate regarding the depth at which bedding upturn develops 560 

adjacent to diapiric flanks (e.g. Johnson and Bredeson, 1971; Alsop et al., 2000; Schultz-Ela, 561 

2003; Rowan et al., 2003; Poprawski et al., 2014; Hearon et al., 2014). During flap folding, 562 

sediments are deposited parallel or sub-parallel to the contact with the underlying salt, and 563 

rotated shortly afterwards as sediments subside and the salt continues to rise close to the 564 

surface (Fig. 1b). Conversely, traditional models had suggested that bedding had been 565 

deposited at high angles to the salt margin, and subsequently rotated into parallelism by 566 

frictional drag along the salt contact at greater depths, as the diapir penetrated from below. 567 

Schultz-Ela (2003, p.777) states that “flap folds form because of the differential movement of 568 

sediment and salt, regardless of whether the sediment actually subsides or the salt rises”. The 569 

advantage of studying a recent and actively growing diapir is that it has not been buried by 570 

sediment, and the observed geometries cannot therefore be complicated by the possibility of 571 

deeper processes and/or subsequent tectonism. 572 
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The exposed unconformity at the base of the Lisan Formation associated with areas of 573 

upturn around the Sedom salt wall permits some simple calculations regarding the amount of 574 

overburden that may exist at the time of folding. Table 3 provides maximum and minimum 575 

estimates of the thickness of the exposed Upper Amora Member sediments that may have 576 

been eroded across the angular unconformity at the base of the Lisan Formation. These 577 

estimates are based on extrapolating the angular obliquities in bedding dips recorded across 578 

the unconformity at different distance intervals from the salt margin. This estimate assumes 579 

that a) the upturned beds display a parallel style of folding, such that the orthogonal thickness 580 

of beds does not alter during folding, and b) the sediments did not undergo stratigraphic 581 

thinning towards the crest of the salt wall to create a sediment wedge shape. If either of these 582 

assumptions are incorrect then it is likely that the calculated burial depths are in fact an over 583 

estimate. Our trigonometric calculation suggests that a maximum thickness of between 155 m 584 

and 295 m of Upper Amora Member may have been removed along the base Lisan 585 

unconformity, (Table 3). We suggest that total burial could in fact be significantly less than 586 

this if, as seems likely, the Upper Amora Member itself was undergoing depositional thinning 587 

and slumping off the Sedom salt wall (Alsop et al., 2015) (Fig. 10a), or was undergoing a 588 

non-parallel style of folding (see 5.4). The upturned bedding that is observed around the 589 

Sedom salt wall must therefore be a product of surficial or very shallow deformation within a 590 

few hundred metres of the surface.  591 

 592 

5.4. Is deformation concentrated along unconformites adjacent to a salt margin? 593 

5.4.1. A flexural slip fold model 594 

Classical models of drape folding associated with salt rise indicate that flexural slip is 595 

concentrated along unconformity surfaces that bound halokinetic sequences (e.g. Rowan et 596 

al., 2003). This unconformity-parallel shear is a geometric necessity of the model in order to 597 

permit rotation between halokinetic sequences and thereby maintain compatibility between 598 

variably-dipping adjacent sequences. The sense of shear along each surface will be top-599 

towards-the diapir, in response to relative upward movement of salt coupled with overall 600 

flexural slip between the halokinetic sequences (Rowan et al., 2003, 2012; Giles and Rowan, 601 

2012). It is suggested that deformation is focussed by slip along upturned bedding planes that 602 

converge along onlap surfaces associated with angular unconformities (Rowan et al., 2003). 603 

Rowan et al. (2003, p. 754) note that “concentration of slip along the unconformities makes 604 

them equivalent to faults” and they are interpreted to result in pointed cusps along the salt 605 

flank where sheared unconformities intersect with the salt margin (Fig. 1b).  606 

Although a necessity of the model, field evidence to directly support shearing along 607 

exposed unconformities is limited, with recent outcrop work by Ringenbach et al. (2013), 608 

Callot et al. (2014) Poprawski et al. (2014) and Li et al. (2014) all making no mention of 609 

deformation along well-exposed unconformities. However, Hearon et al. (2015b) have 610 

recently recorded slip on unconformities around diapirs in the Flinders Range of South 611 

Australia while Rowan et al. (2003, p. 738) note 20 cm thick brittle shear zones comprising 612 

brecciated lithologies in a carbonate cement along unconformity surfaces around the El 613 

Papalote diapir in Mexico. The sense of shear results in beds above the unconformity 614 

undergoing relative translation towards the diapir. Bedding-parallel slip in upturned 615 
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sequences around salt diapirs has also previously been documented in both field studies (e.g. 616 

Alsop et al., 2000) and from drill cores (e.g. Davison et al., 2000a), although as noted by 617 

Rowan et al. (2003) the contribution of later regional shortening is unknown in each case. 618 

Unconformities around the Sedom salt wall are locally marked by conglomerates 619 

containing pebbles within a fine silt matrix that would potentially act as ideal markers for any 620 

deformation that had subsequently taken place (Fig. 7f, g, h). The pebbles are interpreted as 621 

being originally incorporated within channels of the Amora Formation. We suggest that salt 622 

induced tilting ultimately resulted in erosion and winnowing of finer sands and silts within 623 

the Amora Formation, with the pebbles being concentrated as a lag deposit along the angular 624 

unconformity. There is no available source for these pebbles within the diapir itself, and the 625 

most likely source is the Cretaceous exposed in the footwall of the rift margin fault 2 km to 626 

the west (Fig. 2b). The roundness of the clasts suggests that they are relatively far-travelled 627 

and/or reworked several times. The pebbles themselves are subsequently draped by fine 628 

laminae of the Lisan Formation, and there is no evidence for rotation or rolling of clasts 629 

associated with subsequent deformation being concentrated along this boundary i.e. laminae 630 

between pebbles retain pristine relationships to one another and the clasts (Fig. 7g, 7h).  631 

Thus, pebbles maintain pristine relationships with draped silt laminae, which also 632 

contain well preserved cross laminations. The conclusion that can be drawn is that despite 633 

underlying beds having been rotated to dips of 17°W and the unconformity itself marked by 634 

an obliquity of 7°, there was no appreciable concentration of shear along this boundary and 635 

alternative models for accommodating deformation of halokinetic wedges therefore need to 636 

be considered.  637 

 638 

5.4.2. A passive fold model 639 

A pre-requisite for flexural slip is the deforming rocks or sediment “are layered or 640 

have a strong mechanical anisotropy” (Fossen, 2010, p.232). We suggest that the unlithified 641 

shales and sands of the Upper Amora Member are unlikely to possess a strong mechanical 642 

anisotropy at the time of folding, and a passive fold model, where “layering exerts no 643 

mechanical influence on the folding” (Fossen, 2010, p.229) is therefore more likely in this 644 

case. Rather than deformation being concentrated along unconformities, we therefore propose 645 

that diapir-parallel slip and shear could be focussed throughout weaker shale and mud units, 646 

Diapir-parallel shears cutting through competent units are not thought to develop (e.g. Rowan 647 

et al., 2003) because the shear strength of salt is so much weaker than the overburden 648 

sediment, resulting in most of the shear along the salt-sediment interface being concentrated 649 

within the salt itself (e.g. Schultz-Ela, 2003, p.760). Hearon et al., 2014 (p.69) state that 650 

owing to limitations of seismic data that they could not rule out “a component of diapir-651 

parallel faulting or shearing, especially in less competent shales”. However, diapir-parallel 652 

steep extensional faults that consistently display relative uplift towards the diapiric margin 653 

are preserved in examples from Nova Scotia (e.g. Alsop et al., 2000). Similar diapir parallel 654 

shear are also preserved within upturned shales of the Upper Amora Member along the SW 655 

flank of Sedom salt wall (Figs. 9h, 10b). These shears display a footwall up to the NE sense 656 

of movement i.e. consistent with salt intrusion to the NE, but opposite to the kinematics 657 

expected for flexural slip. In order to account for the observed shears within beds, we suggest 658 

that a passive folding mechanism, whereby deformation is distributed throughout weaker 659 
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beds as they undergo bending and ‘forced folding’ linked to salt rise, may be more 660 

appropriate in this case. A lack of flexural slip also means that obliquities across 661 

unconformities have not been modified (see Giles and Rowan, 2012; Hearon et al., 2014) and 662 

pristine cut-off angles are preserved.  663 

 664 

5.5. How is diapiric uplift achieved without widespread deformation adjacent to a salt 665 

margin? 666 

Although the Sedom salt wall has lifted the overlying Lisan Formation more than 75 m above 667 

its regional elevation in the past 15.5 ka (Weinberger et al. 2006a; 2007), there remains a 668 

distinct lack of widespread deformation in these sediments. This apparent anomaly may be 669 

explained by a number of factors. 670 

  671 

5.5.1. The role of active diapirism 672 

It has been proposed previously that passive diapirism typically generates pronounced areas 673 

of upturn adjacent to salt margins, (e.g. Davison et al., 2000a, b), whereas active diapirism 674 

could form more localised areas of deformation associated with faulting (e.g. Schultz-Ela, 675 

1993) (Figs. 1a, b, 10a, b). Weinberger (1992) and Weinberger et al. (2006a) have calculated 676 

the minimum thickness of overburden required for density inversion to develop around the 677 

Sedom salt wall as between 550 m and 1650 m, with a likely value of ~ 1000 m for a mixed 678 

shale and sand overburden (as observed in the Amora Formation). Drilling has shown that the 679 

Sedom salt horizon is covered by an overburden of 1900 m and 3700 m to the west and east 680 

of the Sedom salt wall respectively, and that the conditions for positive salt buoyancy are 681 

therefore met (Weinberger et al., 2006a). Further to the east in the centre of the basin, the 682 

Sedom salt is overlain by 5500 m of overburden, which imparts a buoyancy force that would 683 

allow the salt to rise to 384 m above the level of the Dead Sea (Weinberger et al., 2006a, 684 

p.48). The salt currently reaches a height of 250 m above the Dead Sea level, suggesting that 685 

a potential buoyancy-driven rise of a further ~ 130 m is theoretically possible, although it is 686 

likely that collapse of salt would initiate before that height was actually attained (see Davison 687 

et al., 1996b). In summary, the conditions for halokinetic active diapirism (Hudec and 688 

Jackson, 2011, p.74) are clearly fulfilled by the Sedom salt wall, with active uplift of the salt 689 

currently continuing at rates of between 5 and 8 mm / year (Weinberger et al., 2006b) and 690 

potentially up to 11 mm / year (Zucker, 2014).  691 

 692 

5.5.2. The role of diapiric roof geometries 693 

Modelling studies by Schultz-Ela et al (1993) have demonstrated that active diapirism 694 

is most readily achieved by a ‘flat topped’ rectangular shaped diapir rather than those with 695 

pointed or arched roofs. In addition, diapir height should be >66% of the thickness of the 696 

adjacent overburden for substantial active diapirism to occur. Clearly, the 3-4 km height of 697 

the emergent Sedom salt wall above the source layer (Weinberger et al., 2006a) is 698 

significantly greater than this minimum threshold of overburden thickness. In addition, 699 

dissolution of the top of the Sedom salt wall has resulted in the development of a relatively 700 

flat surface marked by a ‘salt mirror’ dissolution plane and overlain by a 40 m thick caprock 701 

(Zak, 1967) (Fig. 10b). A consequence of this ‘flat roofed’ geometry is that compared to 702 

more typical arched roof shapes, there is less necessity for tilting and shedding of overlying 703 
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sediments, resulting in the observed lack of breccia horizons in the Lisan Formation linked to 704 

salt uplift. The flat topped diapiric crest could also result in very little depositional dip or 705 

‘tapering’ of Lisan sediment wedges above the salt wall. This lack of tapering may limit the 706 

extent of sediment over the salt wall, thereby also resulting in less sediment being deformed. 707 

Thus, the ‘height’ of the Sedom salt wall, coupled with its ‘flat topped’ geometry, makes it 708 

particularly suitable for active diapirism and limited extent of deformation in surrounding 709 

overburden. 710 

 711 

5.5.3. The role of boundary faults 712 

Existing models suggest that most of the shear along the salt-sediment interface should be 713 

concentrated within the salt, due to its relative weakness compared to sediments (e.g. Schultz-714 

Ela, 2003, p.760). However, if absolute rates of salt rise and sedimentation are rapid, then 715 

high strain rates may cause the flank of the salt diapir to behave as a brittle fault (Rowan et 716 

al., 2003, p.749) (Fig. 1a). Indeed, we observe ‘synthetic’ normal faults (Schultz-Ela et al., 717 

1993; Hudec and Jackson, 2011) on each flank of the Sedom salt wall, as the salt rises at 718 

average rates of 5mm / year over the past 15. 5 ka (e.g. Weinberger et al., 2006a). The 719 

boundary faults marking the edge of the Sedom salt wall are recently active as they cut the 720 

salt and its overlying caprock, the latest phase of which developed during dissolution at 14-11 721 

ka (Zak, 1967, Weinberger et al., 2006a; Fig. 3b). In addition, the faults correspond to 722 

marked surface uplift on InSAR maps (e.g. profiles, j, k in Weinberger et al., 2006b). In such 723 

an active intrusion model, there is no necessity for marked upturn of beds around salt diapirs 724 

as deformation is accommodated along the bounding faults rather than distributed within the 725 

salt or adjacent overburden (e.g. Hearon et al., 2014, p.71) (Fig. 10b). 726 

Sequentially rotated unconformities developed just 70 m from the SW margin of the 727 

Sedom salt wall, suggest that the Lisan Formation was back-tilted along listric faults to dip 728 

towards the salt, with unconformably overlying Lisan beds dipping progressively more gently 729 

towards the diapir (Fig. 6f). Such back-rotation of beds and unconformities along listric faults 730 

can only be achieved by down throw of the hanging wall rather than uplift of the footwall, 731 

and are therefore considered to relate to progressive collapse of overburden off the rapidly 732 

rising salt diapir. Rotation of overburden blocks along listric faults results in beds dipping 733 

variably towards the diapir, thereby disrupting the sealing potential of a salt flank to fluids 734 

and hydrocarbons. 735 

In summary, as originally recognised by Zak and Freund (1980), the uplift of the 736 

Sedom salt wall is largely achieved through the boundary faults and shear zones that form the 737 

flanks to the diapir (Fig. 10b). We suggest that if earlier dissolution created a horizontal and 738 

relatively ‘flat top’ to the diapir, then it is more likely that sediments subsequently deposited 739 

over the crest will simply be carried upwards, rather than being rotated, tilted and shed off the 740 

crest. Boundary faults will cut off any draped sediment overlying the salt meaning that it is 741 

then carried passively upwards with a rising, flat-topped ‘piston’ of salt (Fig. 10b). Local 742 

collapse of overburden off the rising salt piston may be achieved along listric extensional 743 

faults. Thus, uplift does not necessarily equate to wholesale tilting and deformation of 744 

overlying sediments if salt rise is achieved across steep bounding faults. 745 

 746 

5.6. What are the rates and durations of diapiric cycles recorded adjacent to a salt margin? 747 
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Hearon et al. (2014, p.70) suggest time scales ranging from approximately 50 ka to 1 748 

Ma for each composite halokinetic sequence (CHS) that develops around a deep water diapir 749 

in the Upper Miocene to Pleistocene of the northern Gulf of Mexico. When compared to the 750 

broader tapered CHS, Hearon et al. (2014) found that the tabular CHS typically give shorter 751 

time intervals of 130 – 200 ka. The shallow water La Popa diapir of northern Mexico that 752 

developed in the late Cretaceous generates CHS that formed over much longer intervals, 753 

which Giles and Rowan (2012, p.8) describe as “ranging from several hundred thousand 754 

years to several millions of years” while Hearon et al., (2014, p.70) quote timescales of 1-10 755 

Ma for these sequences. In each of these cases, the CHS intervals broadly match rates of sea 756 

level variation that are considered to be one of the major controlling factors in their 757 

development (Hearon et al., 2014, p.70).  758 

While the broad timescales noted above provide estimates for the duration of CHS, 759 

individual hook and wedge HS within such sequences have not been dated. Adjacent to the 760 

Sedom salt wall, the Upper Amora Member displays a pronounced unconformity dated at 167 761 

ka (Waldmann et al., 2007; 2009), which provides an estimate of 97 ka for the duration of a 762 

wedge halokinetic sequence (HS) at the top of this member (dated at 70 ka). As a 116 ka 763 

marker bed (Waldmann et al., 2007) displays a similar orientation to the underlying 167 ka 764 

unconformity surface (Fig. 4b), it is likely that the tilting event actually occurred over a 765 

shorter (46 ka) timescale between 116 and 70 ka. Within the overlying Lisan Formation, 766 

dating of individual unconformities that bound a hook halokinetic sequence to 70 and 30 ka 767 

provides an estimate of just 40 ka for this hook HS (Table 2, Figs. 4, 5). Furthermore, 768 

isotopic dating indicates that cycles of passive and active diapirism along the Sedom salt wall 769 

may last for as little as < 30 ka, with actual switches between styles operating on timescales 770 

significantly less than this (Fig. 11, see section 6 below). Although we are dealing with 771 

individual halokinetic sequences, the time spans calculated for wedge HS (97 ka), hook HS 772 

(40 ka) and switches in active and passive diapirism (30ka) along the Sedom salt wall are a 773 

fraction of the 50 ka to1 Ma estimated for CHS around Upper Miocene to Pleistocene diapirs 774 

in deep water settings (Hearon et al., 2014). In addition, they are 1 - 2 orders of magnitude 775 

less than the suggested 1-10 Ma duration for CHS adjacent to shallow water diapirs in the late 776 

Cretaceous (Hearon et al., 2014; Giles and Rowan, 2012). Despite the more rapid 777 

development of halokinetic sequences around the Sedom salt wall, the geometries and widths 778 

of upturn of the overburden appear to be similar (if not even wider) than these other 779 

examples. Fluctuations in the water level of tens of metres in Lake Lisan have previously 780 

been considered to have a significant effect on the behaviour of the Sedom salt wall 781 

(Weinberger et al., 2006a, b). We therefore suggest that the shorter duration of HS around the 782 

Sedom salt wall, together with the dramatic switches in cycles of active and passive diapirism 783 

reflects the more rapid fluctuations in water levels and sedimentation in a lacustrine and 784 

subaerial environment, compared to deep water settings. In addition, the inherently greater 785 

resolution provided by outcrop studies of recent and ongoing diapirism, when compared to 786 

older structures preserved in the geological record, or those imaged through seismic analysis 787 

alone, may also help create a more refined template for diapirism as witnessed along the 788 

Sedom salt wall. 789 

 790 

6. Model of transitions from passive to active diapirism within the Sedom salt wall  791 
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We now provide an evolutionary model for the development of active and passive diapirism 792 

along the Sedom salt wall, with some general time constraints provided by stratigraphic 793 

relationships and isotopic dates. 794 

 795 

6.1. Sedom salt wall from 420 ka to 70 ka  796 

Parts of the Sedom salt wall were exposed at 420 ka when an extrusive salt sheet 797 

flowed towards the NE and the depocentre of the basin (see Alsop et al., 2015 for details). 798 

From 340 to 80 ka, the salt wall then became submerged during deposition of the Upper 799 

Amora Member (Alsop et al., 2015) (Fig. 11). The Upper Amora Member comprises sands, 800 

silts, gravels, and conglomerates that are considered to have been deposited relatively rapidly. 801 

Although the Upper Amora Member is only preserved above the central and northern 802 

portions of the Sedom salt wall where it has not been significantly tilted, it is thought to have 803 

originally covered the whole diapir as drape folds and unconformities are developed along 804 

the entire western flank of the salt wall (Fig. 10a). In addition, breccia horizons formed when 805 

sediment was shed off the rising salt diapir are also observed along the western margin. The 806 

Upper Amora Member is currently only preserved in the central segment as a) it may have 807 

been originally thicker there, as it was deposited above a subsiding vent that fed the earlier 808 

salt flow, b) more uplift in the North and South of the salt wall may have resulted in greater 809 

erosion of overlying sediments. 810 

In summary, the Sedom salt wall was undergoing a prolonged phase of passive 811 

diapirism during this period marked by rotated unconformities and halokinetic sequences, 812 

interspersed with shorter intervals of active diapirism associated with salt extrusion (at 420 813 

ka) and breccia horizons reflecting shedding of sediments off the rising diapir (Fig. 10a). 814 

 815 

6.2. Sedom salt wall from 70 ka to 43 ka  816 

Lisan Formation was not deposited over the crest of the Sedom salt wall between 70 – 817 

43 ka, indicating that it was subaerially exposed at this time (Weinberger et al., 2006a) (Fig. 818 

11). Beach and shoreline facies are however developed within parts of the Lisan Formation 819 

immediately west of the salt wall, suggesting that the diapir may have formed a ‘Sedom 820 

Island’ or peninsular within the hypersaline Lake Lisan (Weinberger et al., 2007). It is 821 

important to note that this period of subaerial exposure coincides with increased angles of 822 

tilting around the western margins of the salt wall, inferred to represent more rapid salt rise, 823 

and may also coincide with the removal of the Upper Amora Member from large parts of the 824 

salt wall (Fig. 10b). Minimum estimates of salt rise between 70-30 ka are 93 m at rates of 825 

2.33 mm / year (Table 3). The Lisan Formation onlaps directly onto the upturned Upper 826 

Amora Member (rather than underlying salt) in NW Sedom (Fig. 5g). The Lisan Formation is 827 

marked by hook-shaped halokinetic sequences, in contrast to the underlying Upper Amora 828 

Member which displays wedge-shaped profiles (Figs. 1b, 10b). In summary, the Sedom salt 829 

wall was undergoing a prolonged phase of active diapirism during this period, which is 830 

associated with subaerial exposure of the crest, and development of hook-shaped halokinetic 831 

sequences. 832 

 833 

6.3. Sedom salt wall from 43 ka to 14 ka  834 
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The base of the Lisan Formation exposed on top of the Sedom salt wall has been dated as 43 835 

ka, and rests with an angular unconformity directly on the tilted Bnot Lot shales Member 836 

(Fig. 11, Table 1). The recognition that the Lisan Formation was deposited over the crest of 837 

the diapir indicates that it was inundated and submerged by Lake Lisan from 43 ka to 14 ka. 838 

The increase in NaCl within the Lisan Formation at 43 ka may reflect large-scale dissolution 839 

of the Sedom salt wall at this time (Weinberger et al., 2006a). Thickening of the Lisan 840 

Formation within downfaulted graben on the crest of the Sedom salt wall may also reflect 841 

dissolution and collapse of the underlying salt (Fig. 10b). Rotated unconformities and growth 842 

faulting in the Lisan Formation on the flanks of the Sedom salt wall (Figs. 4d, 5a, b, 8a, c) 843 

indicate that it is undergoing mostly passive diapiric growth at this time. 844 

 845 

6.4. Sedom salt wall from 14 ka to present  846 

At 14 ka, the level of Lake Lisan dropped and the Sedom salt wall once again became 847 

subaerial (Fig. 11). Weinberger et al. (2006a, p.48) note that “a substantial topographic rise 848 

(along the Sedom salt wall) took place mainly since the early Holocene” They partly attribute 849 

this to a marked fall in the water level of Lake Lisan at this time, which had previously 850 

dissolved the rising salt and thereby prevented it from forming a pronounced feature. The last 851 

phase of dissolution to create the most recent cap rock occurred at 14-11 ka (Weinberger et 852 

al., 2006a), with the horizontal base to this cap rock (or ‘salt mirror’) indicating little or no 853 

tilting since this time, despite significant uplift (Fig. 10b). The stratigraphic top of the Lisan 854 

Formation is dated at 15.5 ka and has been carried 75 m above regional elevations on the 855 

crest of the salt wall (Weinberger et al., 2007). This latest extrusive phase is marked by a 856 

dramatic increase in uplift rates, as frequently observed in other diapirs that display 857 

accelerated strain rates that are 3-4 orders of magnitude greater than salt flow at depth (Talbot 858 

and Jackson, 1987). The thickness of the ‘perched’ Lisan Formation sitting on top of the 859 

rising salt wall is < 40 m, and therefore within the broadly suggested limits (50 m) that active 860 

diapirs may carry upwards (Davison et al., 1996a). 861 

The most rapid uplift recorded by InSAR is in the area immediately to the north of the 862 

central pinched section of the salt wall, where the salt is overlain by the Upper Amora 863 

Member and is bound to the west by a marginal fault (Zak, 1967). These areas of uplift 864 

notably coincide with the thickest deposits of Upper Amora Member that sit above the salt, 865 

and correspond to the interpreted former vent that fed an extrusive salt sheet (Alsop et al., 866 

2015). The Upper Amora Member does not appear to be cut by marginal faults everywhere, 867 

and in some cases appears to be in stratigraphic continuity and simply ‘drapes’ over the salt 868 

(Fig. 3). These areas may be considered the less evolved portions of the Sedom salt wall.  869 

The top of the Lisan Formation has been uplifted to 75 m above regional, suggesting 870 

mean rates of the order of ~ 5 mm / year. The additional uplift, compared to estimates based 871 

on angles of overburden tilt (Table 2), can be accounted for by displacement on discrete 872 

faults that bound the diapir (Fig. 10b). The observation that similar amounts of uplift are 873 

recorded from the past 15.5 ka (75 m) or 11-14 ka (80 m), when compared to older 43 ka 874 

horizons (~100 m uplift), suggests that most of the uplift has taken place during the 875 

Holocene. This is supported by the observation that boundary faults not only cut the Lisan 876 

Formation on the Sedom salt wall (and were therefore active at post-43 ka), but also the 877 

caprock overlying salt that developed as recently as 11-14 ka (Figs. 9f, g, 10b). The 878 
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acceleration in salt wall uplift demonstrated by InSAR, when compared to averaged rates, 879 

reflects salt breakout at the surface. 880 

In summary, removal of the Upper Amora Member that formed a roof to much of the 881 

Sedom salt wall occurred at between 70 and 43 ka (Weinberger et al., 2007), and this may 882 

then have facilitated more rapid and active rise of the salt diapir (Fig. 11). Largely passive 883 

growth during deposition of the Upper Amora Member (Fig. 10a) is followed by more active 884 

diapirism in Lisan times when salt was emergent and rising at ~ 5 mm per year (Fig. 10b). 885 

The switch from wedge (Upper Amora Member) to hook (Lisan Formation) halokinetic 886 

sequences marks increasing diapiric rise, ultimately resulting in the currently observed phase 887 

of active diapirism where salt has broken out at the surface. 888 

 889 

7. Conclusions 890 

The Sedom salt wall displays differing relationships with overburden along its 10 km 891 

length and has the distinct advantage over circular salt stocks of potentially preserving 892 

diapiric processes such as withdrawal basins, upturn, draping and marginal faults at different 893 

stages of evolution. The northern and southern ends of the intrusion display the most evolved 894 

scenario marked by steep boundary faults and pronounced withdrawal basins, suggesting that 895 

some salt flowed axially into the salt wall, whilst the central portion is the least evolved and 896 

still preserves sedimentary cover (Upper Amora Member) that is gently draped over the crest 897 

of the salt wall. The Sedom salt wall therefore presents an opportunity to study deformation 898 

and drape folding associated with passive diapirism, together with boundary faults and uplift 899 

patterns marking active diapirism. These processes have been ‘caught in the act’ at varying 900 

stages of development, and lead us to the conclusions listed below.  901 

a) Upturned bedding within overburden extends for up to 1250 m from the Sedom salt wall, 902 

with the most pronounced dips (typically > 40°) reserved for the inner 100 m. These broad 903 

areas of upturn are wider than typically recorded around many diapirs and are considered to 904 

be enhanced by the elongate shape of the salt wall (which essentially constrains salt influx 905 

into 2-D flow), the heterogeneous and weak overburden which contains evaporites, and 906 

potentially high fluid pressures around the diapir as demonstrated by gypsum veining. 907 

b) Angular unconformities within the overburden may relate to underlying beds displaying 908 

either i) increased dips towards the salt, reflecting the outer margins of withdrawal basins and 909 

extending for up to 1500 m from the diapir, or ii) increased dips away from the salt reflecting 910 

upturned bedding and drape folding for distances of up to 1250 m from the diapir. The older 911 

Upper Amora Member shows a broad wedge shaped halokinetic sequence, while the 912 

overlying Lisan Formation displays a narrow hook-shaped profile. The obliquity across the 913 

angular unconformity at the base of the Lisan Formation therefore increases towards the salt 914 

margin. These difference are considered to reflect i) greater rates of sedimentation and 915 

generally passive diapirism during deposition of the Upper Amora Member, ii) greater rates 916 

of salt rise and more active diapirism during deposition of the Lisan Formation. 917 

c) Contrary to many studies of salt diapirs, the overburden around the Sedom salt wall has not 918 

suffered later contractional deformation and has never been deeply buried. The Lisan 919 

Formation is overlain by just a few metres of overburden, and together with the 920 

unconformable contact with the underlying Upper Amora Member is upturned towards the 921 

Sedom salt wall. These directly observed areas of upturned bedding therefore preserve 922 
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pristine relationships created at shallow (less than a few hundred metres) depths. Sedimentary 923 

breccias and growth faults within the overburden attest to the salt-sediment interaction and 924 

confirm a surficial drape fold model for upturned bedding around this diapir.  925 

d) Unconformity surfaces exhibit pristine sedimentary relationships and we find no evidence 926 

of flexural slip deformation being concentrated along rotated unconformities adjacent to the 927 

salt wall. We do however observe diapir-parallel shear within incompetent units and suggest 928 

that in this case, a passive folding mechanism, where deformation is concentrated into weaker 929 

lithologies during bending associated with ‘forced folding’, may be a more appropriate 930 

mechanism to accommodate diapir-related uplift.  931 

e) The Lisan Formation deposited on top of the Sedom salt wall at 43 ka was carried upwards 932 

to 100 m above its regional elevation at rates of 5mm / year. This uplift was largely achieved 933 

via movement on the bounding marginal faults that define most of the western flank of the 934 

salt wall. If these boundary faults allow the flat-topped salt wall to rise like a piston (during 935 

active intrusion) then they will cut off and laterally truncate any sediments that are draped 936 

across them. There is then no necessity for these detached sediments to rotate (as in classic 937 

drape fold models) as they will be carried rapidly upwards on the flat roof of the actively 938 

rising salt wall. In some cases collapse of overburden along listric faults results in back-939 

rotation of overburden blocks resulting in anomalous dips toward the salt.  940 

f) The switch from passive to active diapirism along the Sedom salt wall, which occurred 941 

over at least 3 separate cycles from 420 ka to present, is marked by more rapid rates of uplift 942 

perhaps facilitated by surface break out of salt, lowering of lake levels to reduce dissolution 943 

of salt, erosion of Upper Amora Member overburden from above the salt, and weakening of 944 

overburden by local extensional faulting. Our field observations, coupled with a refined 945 

stratigraphic template supported by isotopic dating permits a more detailed investigation of 946 

sub-seismic scale features related to salt diapirism. This work also demonstrates that 947 

individual cycles of passive and active diapirism may operate over timescales in the order of 948 

< 30 ka during the growth of a diapir. In addition, individual unconformity-bound halokinetic 949 

sequences around the Sedom salt wall may last < 40 ka, which is nearly an order of 950 

magnitude less than estimates of CHS elsewhere, and is thought to reflect the rapid 951 

fluctuations in water level in the lacustrine environment. 952 

 953 

Acknowledgements 954 

GIA is grateful for funding from the Carnegie Trust for the Universities of Scotland that 955 

enabled fieldwork for this project. RW was supported by the Israel Science Foundation (ISF 956 

grant No. 1245/11). SM was supported by the Israel Science Foundation (ISF grant No. 957 

1736/11). We would like to thank Chris Talbot and Yohann Poprawski for careful and 958 

constructive reviews. 959 

  960 



14/01/2016                 Alsop et al.         Passive versus active diapirism         23 
 

 

Table 1. Generalised stratigraphy and ages of the Sedom Formation that comprises the 961 
Sedom salt wall, and the Amora and Lisan Formations that form the overburden to the salt. 962 
Note that dissolution of salt members leads to local caprocks being preserved at the surface. 963 
TCN – Terrestrial cosmogenic nuclide burial ages. 964 

 965 

Formation Member Description and Age 

Lisan Formation  40 m of aragonite-rich lacustrine 

sediments dated between ~70 ka and 

14 ka (U-series and 
14

C, Kaufman, 

1971; Haase-Schramm et al., 2004). 

Amora Formation 

(overburden to Sedom salt 

wall) 

Upper Amora 

Member 

200 m of fluvio-lacustrine shales, 

sandstones and conglomerates ranging 

in age between 340 – 80 ka (Torfstein 

et al., 2009). 

Amora Salt 

Member 

10 m thick halite unit dated at 420 ± 10 

ka (U-Th ages from Torfstein et al., 

2009) 

Lower Amora 

Member 

200 m of fluvio-lacustrine shales, 

sandstones and conglomerates exposed 

at outcrop. Dated at 740 ± 66 ka (U 

series ages from Torfstein et al., 2009). 

Sedom Formation 

(forms the Sedom salt wall) 

Hof Shale and Salt 

Member 

Up to 90 m of halite and shales (Zak et 

al., 1968) 

Mearat Sedom Salt 

Member 

Up to 250 m of halite, anhydrite and 

minor clastics 

Bnot Lot Shales 

Member 

Up to 200 m thick sandstones and 

shales dated at 6.2 and 5.0 ± 0.5 Ma 

(
10

Be TCN burial ages from Matmon et 

al., 2014) 

Lot Salt Member Up to 800 m of halite, anhydrite and 

minor clastics  

Karbolet Salt and 

Shale Member 

550 m minimum thickness of halite and 

shale units (base not observed and not 

dated). 

 966 

  967 
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 968 

Table 2. Angles of tilt measured across dated unconformity surfaces at 763 m from exposed 969 

salt contact. Angles of tilt allow estimates of minimum net salt rise (R) and rates to be made. 970 

 971 

 Unconformities at distance (d) 763 m from salt contact 

Age 167-70 ka 70-30 ka 30-0 ka Total 

Interval 97 ka 40 ka 30 ka 167 ka 

Unconf. Tilt (α) 10° 7° 4° 21° 

Net Salt Rise (R) 

R= d sin α 

132.5 m 93 m 53 m 278.5 m 

Salt rise / year 1.37 mm / a
-1

 2.33 mm / a
-1

 1.77 mm / a
-1

 1.67 mm / a
-1

 

 972 

Table 3. Estimates of thickness of Upper Amora Member removed by erosion across the base 973 

Lisan Formation unconformity at different distances from the exposed salt contact. Estimates 974 

are based on angle of obliquity across the unconformity surface and do not take thinning of 975 

the sedimentary wedge into account. The minimum estimate is based on extrapolating the 976 

outer (lower dip) value in each case, while the maximum estimate is based on extrapolating 977 

the inner (higher dip) value. Minimum and maximum values are inserted in parenthesis. See 978 

Figure 9b for data. 979 

 980 

 Distance from exposed salt contact (m) 

 750-215 m 215-75 m 75-40 m 40-10 m 10-0 m Total 

Minimum 

estimate 

65.2 m (7°) 

Total=65.2m 

43.3 m (18°) 

Total=108.5m 

16.6 m (29°) 

Total=125.1m 

20.8 m (44°) 

Total=145.9m 

9.4 m (70°) 

Total=155.3m 
155.3 m 

Maximum 

estimate 

165.3m (18°) 

Total=165.3m 

67.9 m (29°) 

Total=233.2m 

24.3 m (44°) 

Total=257.5m 

28.2 m (70°) 

Total=285.7m 

9.4 m (70°) 

Total=295.1m 
295.1 m 

 981 

Figures 982 

Fig. 1 Schematic cartoons illustrating typical features of a) active salt diapirism and, b) 983 

passive salt diapirism. 984 

Fig. 2 a) Tectonic plates in the Middle East. General tectonic map showing the location of the 985 

present Dead Sea Fault (DSF). The Dead Sea Fault is a left-lateral fault between the Arabian 986 

and African (Sinai) plates that transfers the opening motion in the Red Sea to the Taurus – 987 

Zagros collision zone with the Eurasian plate. Location of b) shown by the small box on the 988 

DSF. b) Map of the Dead Sea showing the position of the exposed Sedom salt wall and 989 

strands of the Dead Sea Fault (based on Sneh and Weinberger, 2014). The locations of the 990 

RV-7003 seismic line, together with the Sedom Deep-1 and Amiaz East-1 boreholes are 991 

shown, as is the subsurface trace of the Sedom Fault. 992 

Fig. 3 a) Overview photograph of the Sedom salt wall forming a 10 km long N-S trending 993 

ridge rising above the Amiaz plain. b) Geological map of the Sedom salt wall and adjacent 994 

sedimentary overburden based on Zak (1967) and Agnon et al. (2006). The area of interest in 995 

this study is the western flank of the Sedom salt wall. See Figure 2b for location. 996 
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Fig. 4 a) Simplified W-E cross section across the NW flank of the Sedom salt wall (along 997 

Grid Northing 558 – see Fig. 3b). The cross section highlights increased bedding dips toward 998 

the salt wall, together with unconformities shown in photographs b-f). b-f) Photographs of 999 

unconformities and their approximate dates (from Waldmann et al., 2007) within the Upper 1000 

Amora Member and overlying Lisan Formation from the NW flank of the Sedom salt wall. 1001 

All photographs were taken within 100 m of (N31.10598°; E35.36660°) and are viewed with 1002 

the salt margin towards the East (right) side of the photograph, apart from f) which is viewed 1003 

looking directly towards the salt.. 1004 

Fig. 5 Photographs (a, c, e, g) and associated stereonets (b, d, f) of upturned bedding and 1005 

unconformities at various distances from the NW margin of the salt wall. Photographs a) and 1006 

e) taken within 100 m of (N31.10598°; E35.36660°), while c) was taken at (N31°06’377”; 1007 

E35°22’600”) and g) was taken at (N31°06’25.11”; E35°22’28.20”). All photographs were 1008 

taken looking North with the salt margin towards the East (right) side of the photograph, In 1009 

each case, bedding in the Upper Amora Member is shown in brown and orange, while 1010 

bedding from the overlying Lisan Formation is highlighted in yellow. Unconformities within 1011 

the Upper Amora Member and Lisan Formation are shown at a) 763 m, c) 215 m, e) 70 m, g) 1012 

0 m from the salt margin. Bedding is shown as both great circles and poles on the associated 1013 

stereonets (b, d, f) and demonstrates how the obliquity along the angular unconformity 1014 

between the Upper Amora Member and the Lisan Formation increases towards the salt 1015 

margin. 1016 

Fig. 6 a-e) Photographs of unconformities linked to downturn of bedding towards the SW 1017 

margin of the Sedom salt wall. Bedding in the underlying Upper Amora Member consistently 1018 

dips more steeply towards the salt than the overlying Lisan Formation. Photograph a) taken at 1019 

(N31.044286°; E35.364665°). Extensional growth faults within the Upper Amora Member 1020 

(d, e) are truncated by the base Lisan unconformity. Photographs b, c, d, e) taken at 1021 

(N31.098697°; E35.361147°). f) Photograph (mirrored) of sedimentary growth packages and 1022 

unconformities in the Lisan Formation that are progressively tilted towards the salt margin, in 1023 

the hanging wall of a presumed listric growth fault (N31°03’32.30”; E35°22’32.32”). All 1024 

photographs are viewed with the salt margin towards the East (right) side of the photograph, 1025 

Fig. 7 a, b, c) Photographs of breccias in Upper Amora Member from the NW margin of the 1026 

Sedom salt wall (N31°06’19.49”; E35°22’01.90”). d, e) Conglomerates defining the base of 1027 

the Lisan Formation, which is also marked by wedge-shaped fissures infilled by rounded 1028 

pebbles (N31°03’329”; E35°22’733”). f, g, h) Conglomerates developed along the 1029 

pronounced angular unconformity between Upper Amora Member and overlying Lisan 1030 

Formation along the NW Sedom salt wall (N31.10598°; E35.36660°). Rounded pebbles are 1031 

depositionally draped by laminae of the Lisan Formation. All photographs are viewed with 1032 

the salt margin towards the East (right) side of the photograph, 1033 

Fig. 8 a) Photograph of growth fault cutting the unconformity at the base of the Lisan 1034 

Formation at 215 m west of the Sedom salt wall (N31°06’377”; E35°22’600”). On the 1035 

associated stereonet (b), bedding as shown by great circles and (square) poles in the Upper 1036 

Amora Member (brown) and Lisan Formation (yellow). Growth faults are also shown as 1037 

great circles and poles. c) Distinct growth fault developed in the Lisan Formation, with beds 1038 

picked out by dashed coloured markers (N31°06’338”; E35°22’617”). Photographs are 1039 

viewed with the salt margin towards the East (right) side of the photograph. 1040 
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Fig. 9 a) Stereonet of poles to bedding (N=160) and mean great circles collected from the 1041 

Upper Amora Member (brown) and overlying Lisan Formation (yellow) that forms the 1042 

overburden along the western margin of the Sedom salt wall. b) Graph of distance from the 1043 

western margin of the Sedom salt wall compared to angle of bedding dip (towards the west) 1044 

within the Upper Amora Member (brown) and Lisan Formation (yellow) (N=118) Best-fit 1045 

curves are provided for guidance only. c) Steeply dipping Upper Amora Member adjacent to 1046 

the NW flank of the Sedom salt wall (N31°07’07.16”; E35°22’26.36”). Photographs d) (N 1047 

31°05’24.13”; E35°22’50.41”) and e) (N31°04’33.69”; E35°22’50.90”) showing steeply 1048 

dipping boundary faults forming the SW margin of the Sedom salt wall, with Lisan 1049 

Formation cut and carried upwards on the roof of the diapir. The contact between salt and 1050 

overlying caprock is repeatedly cut by boundary faults that carry the salt upwards in f) NW 1051 

Sedom salt wall (N31°07’55.16”; E35°22’30.12”) and, g) SW Sedom salt wall 1052 

(N31°06’52.03”; E35°22’35.09” ). h) Steep extensional shears that cut upturned bedding in 1053 

the Upper Amora Member along the SW flank of the Sedom salt wall (N31°07’04.54”; 1054 

E35°22’27.89”). 1055 

Fig. 10 Schematic cartoons summarising the main features of a) passive diapirism and b) 1056 

active diapirism during evolution of the Sedom salt wall. 1057 

Fig. 11 Diagram summarising the timing, rates of salt rise and lake level fluctuations for 1058 

passive and active diapiric cycles along the Sedom salt wall. The relative lake level curves 1059 

are compiled from Torfstein et al. (2009) and Waldmann et al. (2009) for the Upper Amora 1060 

Member and Bartov et al. (2002) for the Lisan Formation. 1061 
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